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Ground granulated blast-furnace slag (designated as GGBS) has been utilized as building material due to the environmental, eco-
nomic and technical beneﬁts. In this study, the possibility of improving compressive strength of high-volume GGBS (HVS) paste before
and after being exposed to elevated temperatures using metakaolin (MK) in micro-size (mMK) has been investigated. Portland cement
(PC) has been partially substituted with GGBS at level of 70%, by weight, to produce HVS paste. Afterword, GGBS was partially sub-
stituted with mMK at levels ranging from 2% to 10% with an increment of 2%, by weight. After curing, the specimens were subjected to
elevated temperatures ranging from 400 C to 1000 C with an interval of 200 C for 2 h. Weight and compressive strength before and
after being exposed to elevated temperatures have been thoroughly explored. The various decomposition phases formed were identiﬁed
using X-ray diﬀraction (XRD) and thermogravimetric (TGA) analyses. The morphology of the formed hydrates was studied using scan-
ning electron microscopy (SEM). The results showed that the compressive strength before and after being exposed to elevated temper-
atures increased with increasing mMK content. For all mixtures, the residual compressive strength at 400 C reached its maximum peak
value.
 2016 The Gulf Organisation for Research and Development. Production and hosting by Elsevier B.V. All rights reserved.
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World cement demand and production are increasing,
the total output of cement in the world may reach 4,180
million tonnes in 2015 (Kimball, 2016). The productionhttp://dx.doi.org/10.1016/j.ijsbe.2016.10.002
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It was expected that by 2020, the global demand for cement
would increase by approximately 115–180% compared to
1990s, and this may reach 400% by 2050 (Damtoft et al.,
2008). A conservative estimate for every 1 tonne of cement
produced gives approximately of 0.9 tonne of CO2
(Benhelal et al., 2013). Not only CO2 is released from
cement industry, but also SO2 and NOx, which can cause
the greenhouse eﬀect and acid rain. This is particularly seri-
ous in the current context of climate change caused by car-
bon dioxide emissions worldwide, causing a rise in sea levelduction and hosting by Elsevier B.V. All rights reserved.
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ble for future meltdown in the world economy (IPCC,
2007). Production of cement not only causes a problem
to the environmental, but also consumes considerable
amounts of virgin materials, producing each tonne of PC
of which around 1.5 tonnes of raw materials is needed
(Elchalakani et al., 2014). In addition, cement production
is highly energy intensive (Mikulcˇic´ et al., 2016). One of
the eﬀorts to produce more environmental friendly con-
crete is to replace large amount of PC in concrete with
by-product materials in large volume such as GGBS and
ﬂy ash (Rashad, 2015a, 2016) to decrease environmental
impact and enhance economic beneﬁts.
The worldwide production of iron slag was estimated to
be around 300–360 million tonnes in 2015 (Kimball, 2016).
Due to the rapid economic development and the growth in
the world iron production, slag has signiﬁcantly increased.
The vast majority of this slag is still disposed in landﬁlls.
Therefore, slag should not only be disposed of to prevent
environmental pollution, but should be treated as a valu-
able resource. One option to eliminate the slag disposal
in an ecologically sensitive manner is to reuse it as building
material after suitable grinding. The energy required to
grind GGBS is only approximately 10% of the total energy
required for the production of PC (Shi and Qian, 2000).
The blending quantity of GGBS is 25–30% in normal
cement (Fu et al., 2000). Also replacement rates for GGBS
varying from 30% up to 85% are available, but 50% is usu-
ally used in most applications (Siddique and Khan, 2011).
The use of GGBS as building material can save energy,
reduce emission of carbon dioxide and conserve natural
resources (O¨zbay et al., 2016). Although GGBS is a valu-
able mineral admixture for blended PC and concrete, only
little quantity of the total available GGBS is used for this
purpose. As a result, the method to replace cement with
high-volume of GGBS has generated considerable interest.
It is well known that the hydration of GGBS blended
cement occurs over an extended period of time as it relies
on the release of calcium hydroxide from the hydration
of PC. Therefore, at the early ages, the internal structure
of GGBS paste tends to be more porous than that of PC
paste. Hence, more gap of compressive strength between
GGBS matrix and neat PC matrix at early ages compared
to latter ages was observed. In addition, the initial rate of
reaction between GGBS and water is slow compared to
that of PC and water, which means that the strength devel-
opment will also be slow. Johari et al. (2011) related the
lower early ages strength of HVS system to the dilution
eﬀect which increased with increasing GGBS content as
well as the slower reactivity of GGBS. The excessive retar-
dation in setting time and hardening of HVS system
resulted in a reduction in very early ages strength. The
reduction in the strength by partially replacing cement with
HVS is the main shortcoming reason of using this system
which hinders its wide use by engineers. Several approaches
are used to accelerate the pozzolanic reaction of HVS and
therefore increase the early strength. These approachesPlease cite this article in press as: Rashad, A.M., Sadek, D.M. An investigation on P
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Alhozaimy et al., 2012), increasing GGBS ﬁneness (Sajedi
and Abdul Razak, 2011; Sajedi, 2012), adding nano parti-
cles (Zhang et al., 2012) or adding other cementitious mate-
rials such as silica fume (SF) (El-Chabib and Ibrahim,
2013) and metakaolin (MK) (Gu¨neyisi et al., 2010).
Improving some properties of HVS system by adding other
materials can be summarized as following: Mounanga et al.
(2011) reported that the 2 and 7 days compressive strength
of 50% GGBS mortar specimens can be enhanced by
22.81% and 21.82%, respectively, when 17% from GGBS
was replaced with limestone. Lizarazo-Marriaga et al.
(2011) reported that the lower compressive strength of
paste specimens containing 60% GGBS can be enhanced
by partially replacing GGBS with 30% steel slag. Zhang
et al. (2012) reported 10%, 17%, 14%, 11% and 13%
enhancement in the 1, 3, 7, 28 and 91 days compressive
strength of mortars containing 50% GGBS with the inclu-
sion of 1% SF, by weight of cementitious materials. On the
same line, they found 4%, 5%, 1% and 1% enhancement in
the 3, 7, 28 and 91 days compressive strength of concretes
containing 50% GGBS with the inclusion of 2% SF. El-
Chabib and Ibrahim (2013) modiﬁed concrete specimens
containing 70% GGBS as cement replacement by partially
replacing GGBS with 10% SF. The inclusion of 10% SF
enhanced the compressive strength by 3.1% and 5.62% at
ages of 7 and 28 days, respectively, at w/b ratio of 0.3,
while the enhancement was 8.2% and 0.16%, respectively,
at w/b ratio of 0.33. Gu¨neyisi et al. (2010) reported that
partially replacing GGBS with 15% SF in concrete speci-
mens containing 60% GGBS as cement replacement
enhanced the 28 and 90 days compressive strength by
8.2% and 13.12%, respectively. Choi et al. (2013) reported
that modifying concretes containing 50% and 70% GGBS
with 10% and 20% porcelain, as GGBS replacement, exhib-
ited higher compressive strength than that modiﬁed with
5% porcelain. The enhancement in the 28 days compressive
strength of concrete containing 50% GGBS modiﬁed with
10% and 20% porcelain over that modiﬁed with 5% porce-
lain was 3.56% and 6.94%, respectively.
There are few papers in the literature related to the
behavior of HVS system under the eﬀect of elevated tem-
peratures. The available literature can be summarized as
following: Choi et al. (2013) reported that concrete con-
taining 50% and 70% GGBS modiﬁed with 10% and 20%
porcelain exhibited higher residual compressive strength
after being exposed to 1200 C for 60 min compared to that
modiﬁed with 5% porcelain. Rashad (2015b) reported that
although the neat PC paste compressive strength was 1.85
times greater than that containing 85% GGBS as cement
replacement, the residual compressive strength of HVS
paste was comparable to that of the neat PC paste after
being exposed to 600 C and 800 C for 2 h. Mendes
et al. (2008) found higher residual compressive strength
of paste specimens containing 65% GGBS at 400–800 C
compared to the control, while the control showed higher
residual compressive strength at 100–300 C. Wangortland cement replaced by high-volume GGBS pastes modiﬁed with micro-sized
uilt Environment (2016), http://dx.doi.org/10.1016/j.ijsbe.2016.10.002
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ing HVS, the optimum content of GGBS to resist elevated
temperatures ranging from 105 C to 1050 C for 4 h was
between 50% and 80%. Mendes et al. (2009) reported that
the neat paste specimens presented no residual compressive
strength after 1 week from exposure to 800 C, while spec-
imens containing 50% and 65% GGBS exhibited residual
compressive strength around 11–13 MPa. This means
higher ﬁre resistance of paste specimens with the inclusion
of GGBS.
As can be seen from the previous literature that the
researches regarding to use of cementitious materials to
modify some properties of HVS system are still limited.
On the same line, there are few researches available in
the literature regarding to the performance of HVS system
at elevated temperatures. In addition, the possibility of
using MK in micro-size to improve the compressive
strength of HVS paste before or after exposure to elevated
temperatures has not been investigated. Consequently, this
paper aims to study the eﬀect of MK in micro-size on com-
pressive strength of HVS paste before and after exposure to
elevated temperatures. Cement was partially replaced with
70% GGBS, by weight, to produce HVS paste. Then,
GGBS was partially replaced with mMK at levels ranging
from 2% to 10% with a step of 2%, by weight. Compressive
strength at diﬀerent ages has been addressed. Weight loss
and residual compressive strength after being exposed to
400, 600, 800 and 1000 C for 2 h have been investigated.
The current results are intended to add new and valuable
knowledge to the ﬁeld of ﬁre resistance of HVS system.Table 2
Chemical composition of the cementitious materials (% by mass) after
calculation from XRF results.
Oxide composition PC GGBS mMK
SiO2 20.18 36.95 47
Al2O3 4.83 10.01 372. Experimental details
2.1. Materials
Commercial available PC, CEM1, 42.5 N, of Blaine sur-
face area 335 m2/kg and conforming to the Egyptian Stan-
dard speciﬁcations (ES 4756-1/2007) was used as a source
of binding material. The GGBS was delivered from the dis-
posal waste resulting from steel industry of Helwan steel
factory (Cairo-Egypt) in the form of water quenched ﬁne
grains. Then, the GGBS was ﬁnely ground in a laboratory
ball mill to reach a surface area of 335 m2/kg. Its speciﬁc
gravity was 2.9. The used mMK was produced by calcining
kaolin (at micro-size) at temperature of 850 C for 2 h
(Rashad, 2013). Table 1 shows the sieve analysis of the
mMK. The chemical composition of the cementitiousTable 1
Sieve analysis of mMK.
Residue on sieve (%) Passing (%)
<10 lm 100
<4 lm 93
<2 lm 88
<1 lm 50
<0.5 lm 14
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trometry analysis and given in Table 2. Fig. 1 shows the X-
ray diﬀraction (XRD) analysis results of the raw source
GGBS. The wide diﬀusive amorphous hump between 25
and 35 2h indicates that the GGBS is mostly amorphous.
Small reﬂections for akermanite (Ca2Mg(Si2O7)), gehlenite
(Ca2Al(AlSiO7)) and merwinite (Ca3Mg(SiO4)2) were
identiﬁed.2.2. Mixture proportions
Six diﬀerent mixtures were prepared. The ﬁrst mixture
was prepared from 30% PC and 70% GGBS to produce
HVS paste (without any addition of mMK). This mixture
was designated as mMK0. The remaining ﬁve mixtures
were prepared by partial replacing GGBS with mMK at
diﬀerent levels ranging from 2% to 10% with a step of
2%, by weight. These mixtures were designated as
mMK2, mMK4, mMK6, mMK8 and mMK10, respec-
tively. The water/binder (w/b) ratio was ﬁxed for all mix-
tures at 0.25, by weight. The mixture proportions are
given in Table 3.2.3. Methods
The cementitious materials were formulated with PC/
GGBS/mMK ratios of 30/70/0, 30/68/2, 30/66/4,
30/64/6, 30/62/8 and 30/60/10, by weight. The cementitious
materials were mixed for 4 min in mechanical mixer with a
speed of 80 rpm to ensure homogenous mixing. Water was
then added and mixed with the cementitious materials for
5 min, followed by 2 min resting period to scrape oﬀ any
unmixed powders from the paddle sides of the mixer and
adding them into the mixing bowl. The mixing was contin-
ued for extra 5 min before casting. After complete mixing,
the fresh paste was poured into 25 mm cube molds (24
cubes per mixture) and vibrated for 1 min to remove air
bubbles. Immediately after casting, the molds were covered
with a polyethylene sheet to avoid any evaporation. AfterFe2O3 3.16 1.48 0.2
CaO 63.47 33.07 0.2
MgO 2.47 6.43 0.02
Na2O 0.16 1.39 0.15
K2O 0.52 0.74 0.04
SO3 3.26 3.52 –
TiO2 0.3 0.52 1.3
P2O5 0.09 0.1 –
MnO 0.22 0.52 –
Cl – 0.05 –
L.O.I. 2.18 0 13.4
rtland cement replaced by high-volume GGBS pastes modiﬁed with micro-sized
uilt Environment (2016), http://dx.doi.org/10.1016/j.ijsbe.2016.10.002
Table 3
Detail of mixture proportions.
Mixture PC (%) GGBS (%) mMK (%)
mMK0 30 70 0
mMK2 30 68 2
mMK4 30 66 4
mMK6 30 64 6
mMK8 30 62 8
mMK10 30 60 10
Figure 2. Compressive strength of the hardened pastes.
Figure 1. XRD pattern for the primary source GGBS.
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in water up to the age of testing.
The compressive strength of the specimens was deter-
mined after 7 and 28 days of curing in fourfold according
with BS EN 196-1:2005(E). The specimens which were
tested in compression at age of 28 days without exposure
to elevated temperatures were named reference or control
specimens. After curing for 28 days, 16 cubes per mixture
were transferred to an electrical symmetrical furnace for
drying at 105 ± 1 C for 24 h. immediately after drying,
the specimens were exposed to elevated temperatures rang-
ing from 400 C to 1000 C with a step of 200 C at a rate
of 6.67 C/min and held at each temperature for a period of
2 h. After exposure to each temperature, the specimens
were left into the furnace to cool gradually to room temper-
ature to prevent any temperature shock. The specimens
were then brought out from the furnace, weighed and
tested in compression to determine the residual compres-
sive strength by means of an unstressed residual strength.
Four specimens were tested at each temperature regime
and the average values are reported.
After compressive strength test at age of 28 days and
after exposure to elevated temperatures, selected fragments
from the crushed samples were stored in acetone for three
days in order to stop the hydration. The fragments were
then ﬁltered from acetone and dried in the desiccators
under vacuum. A part of the dried samples was ground
in an agate mortar. Particles passing a 63 lm sieve were
used for the X-ray diﬀraction (XRD) and thermogravimet-
ric analysis (TGA). Selected pieces were also used for the
scanning electron microscopy (SEM) investigation.Please cite this article in press as: Rashad, A.M., Sadek, D.M. An investigation on P
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3.1. Compressive strength
The compressive strength of the various hardened paste
mixtures made of diﬀerent amounts of mMK at ages of 7
and 28 days is measured and presented in Fig. 2 As can
be seen, the mMK content has a signiﬁcant inﬂuence on
the compressive strength. Comparing the various types of
the studied matrices, it can be clearly observed that the
matrix of mMK10 containing 10% mMK exhibited the
highest compressive strength among the six types of matri-
ces, while the neat HVS matrix (mMK0) exhibited the low-
est compressive strength. The compressive strength of the
other matrices (mMK2–mMK8) gradually increased with
increasing mMK content. The inclusion of 10% mMK
enhanced the 7 and 28 days compressive strength by
110.77% and 72.47%, respectively, while the inclusion of
2% enhanced it by 25.61% and 10.1%, respectively, in com-
parison with the control (mMK0). For the other employed
cases (i.e. mMK4, mMK6 and mMK8), the enhancement
in the 7 days compressive strength was 45.23%, 64.91%
and 90.38%, respectively, while it was 25.41%, 49.17%
and 62.91%, respectively, at age of 28 days. It is worth
mentioning that Gu¨neyisi et al. (2010) found 8.2% enhance-
ment in the 28 days compressive strength of concrete con-
taining 60% GGBS with the inclusion of 15% MK as
GGBS replacement.
More than one mechanism may attribute to the
enhancement of compressive strength of the pastes contain-
ing mMK. The ﬁrst is called the packing eﬀect, of which
mMK might have acted as a ﬁller that can ﬁll the intersti-
tial spaces among the skeleton of the GGBS/PC, due to
their micro-size particles, resulting in a compacted system,
thus, the compressive strength values were enhanced and
increased. The second is called the pozzolanic eﬀect, of
which the portlandite released during cement hydration
can be consumed by mMK, resulting in producing an addi-
tional amount of CSH. It has been widely accepted that
ultra-ﬁne particles can act as seeds to accelerate cement
hydration, which is called the seeding eﬀect (Sato andortland cement replaced by high-volume GGBS pastes modiﬁed with micro-sized
uilt Environment (2016), http://dx.doi.org/10.1016/j.ijsbe.2016.10.002
Figure 4. Residual compressive strength proﬁle of the hardened pastes.
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the dissolution of C3S and rapid reaction with portlandite
to form supplementary CSH. The elimination of port-
landite and extra of CSH are the keys of increasing com-
pressive strength and durability (Rashad, 2015c). In
addition, the platelet particles of mMK may act as ﬁbers
which can bridge the micro-cracks in the microstructure,
which led to an enhancement in the compressive strength.
3.2. The response of paste mixtures to thermal loads
3.2.1. Weight loss
The results of weight loss of the neat HVS and HVS/
mMK paste specimens at diﬀerent elevated temperatures
are presented in Fig. 3. As expected, all the paste specimens
showed an increase in the weight loss with increasing tem-
perature regime. The weight loss increased with higher rate
at 400 C and beyond this degree the weight loss started to
increase with a lower rate. The initial weight loss could be
attributed to the evaporation of capillary water followed by
escape of adsorbed and interlayer water. Further weight
loss above 400 C could be attributed to the release of
chemically combined water which is a part of the hydration
products that is diﬃcult to evaporate. In general view of
Fig. 3, the weight loss increased with increasing mMK con-
tent. This increase in the weight loss with increasing mMK
content could be attributed to the diﬀerence in pore struc-
tures of the specimens with the diﬀerent mMK contents. It
is worth mentioning that Nadeem et al. (2014) found higher
weight loss of concrete specimens containing 5%, 10% and
20% MK as cement replacement, by weight, after exposure
to elevated temperatures with respect to the control. The
weight loss increased with increasing MK content.
3.2.2. Residual compressive strength
The variation of compressive strength of paste speci-
mens of the six mixtures considered in the current study
with temperatures is presented in Fig. 4. The residual com-
pressive strength of the neat HVS paste (mMK0) reached
its peak value of 34.31 MPa at 400 C. This value is still
higher than its original state by 55.85%. At 600 C, the
residual compressive strength slightly decreased comparedFigure 3. Weight loss of pastes at diﬀerent elevated temperatures.
Please cite this article in press as: Rashad, A.M., Sadek, D.M. An investigation on Po
metakaolin subjected to elevated temperatures. International Journal of Sustainable Bto that at 400 C, but it is still higher than its original
strength by 17.78%. A slight reduction in the residual com-
pressive strength was observed at 800 C, of which the loss
of strength reached as low as 8.89%. A noticeable degrada-
tion in the residual compressive strength was observed at
1000 C, of which the strength loss reached as high as
36.44%. The current trend of these results seemed to be
similar to what was reported by Rashad, 2015c).
Replacing part of GGBS with 2% and 4% mMK
(mMK2, mMK4), led to an increase in the residual com-
pressive strength at 400 C. The residual compressive
strength reached 36.43 MPa for mMK2 and 37.7 MPa for
mMK4. These values are still higher than that of mMK0
by approximately 6.48% and 10.17%, respectively,
(Fig. 5). Partially replacing GGBS with 6%, 8% and 10%
mMK, produced paste specimens with a further enhance-
ment in the residual strength. The enhancement in the
residual strength for mMK6, mMK8 and mMK10 was
approximately 13.29%, 16.4% and 22.72%, respectively.
With further increasing in temperature up to 600 C, all
HVS/mMK (i.e. mMK2, mMK4, mMK6, mMK8 and
mMK10) pastes showed a slight reduction in the residual
strength values in comparison with that at 400 C, but
these values are still higher than that of mMK0 by approx-
imately 7.83%, 15.42%, 20.2%, 27% and 35.12%, respec-
tively. At 800 C, the HVS/mMK pastes showedFigure 5. Residual compressive strength proﬁle of HVS/mMK pastes
related to mMK0 paste.
rtland cement replaced by high-volume GGBS pastes modiﬁed with micro-sized
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Figure 7. X-ray patterns of mMK0 before and after exposure to diﬀerent
elevated temperatures.
Figure 8. X-ray patterns of mMK10 before and after exposure to diﬀerent
elevated temperatures.
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The loss of strength reached approximately 12.27%,
19.2%, 28.52%, 29.3% and 26.93% for mMK2, mMK4,
mMK6, mMK8 and mMK10, respectively, related to their
originals at room temperature. However, these residual
strength values are still higher than that of mMK0 by
approximately 6%, 11.28%, 17.04%, 26.26% and 38.32%,
respectively. Exposing HVS/mMK specimens to the high-
est level of temperature (1000 C) led to further degrada-
tion in the residual strength, of which the strength loss
reached approximately 36.97%, 39.96%, 46.7%, 45.12%
and 41.46% for mMK2, mMK4, mMK6, mMK8 and
mMK10, respectively, related to their counterparts at room
temperature. Although the HVS/mMK pastes showed a
signiﬁcant degradation in the residual strength values,
these values are still 1.18, 1.25, 1.41 and 1.59 times greater
than those of mMK0.
The main features of Figs. 4 and 5 are that the residual
compressive strength of each mixture increased and
reached its maximum value at 400 C. Above 400 C (i.e.
600, 800 and 1000 C), gradually reduction in the residual
compressive strength was observed. The residual compres-
sive strength reached its minimum value at 1000 C. The
neat HVS paste (mMK0) exhibited the lowest residual
compressive strength values among all temperatures, while
mMK10 exhibited the highest values. The residual com-
pressive strength increased with increasing mMK content.
The XRD, TGA and SEM data are used later to explain
the reasons for these changes in compressive strength.
3.3. X-ray diﬀraction
XRD technique was used to achieve a better under-
standing of the possible transformations underway in the
selected samples. Figs. 6–8 present the XRD patterns of
mMK0 and mMK10 before and after being exposed to dif-
ferent elevated temperatures. Fig. 6 presents the XRD pat-
terns of both mMK0 and mMK10 after 28 curing days.
There is an indication of amorphous phase conﬁrmed by
the presence of the dominant amorphous hump located
between 25 and 35 2h. This amorphous hump increasedFigure 6. X-ray patterns of mMK0 and mMK10 after 28 days of
hydration.
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phous hump is a part of the reason why higher compressive
strength was obtained with the inclusion of 10% mMK.
The semi-crystalline CSH (CaOSiO2nH2O) overlapping
with calcite (CaCO3) was formed as hydration product.
The peak characteristic for CSH became more distinguish-Figure 9. TGA/DTG for mMK0 after 28 days of hydration.
ortland cement replaced by high-volume GGBS pastes modiﬁed with micro-sized
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and intensity of this peak increased with the inclusion of
10% mMK. This could be a part of the reason why
mMK10 compressive strength was higher than that of
mMK0. Calcite, C3S and ß-C2S were detected in both sam-
ples. The intensity of peak characterizing C3S and ß-C2S
for mMK0 slightly decreased with the inclusion of 10%
mMK; meanwhile, producing hydration products, namely
CSH and CASH increased with the inclusion of 10%
mMK. The crystalline of portlandite Ca(OH)2 (4.9110 A˚,
2h = 18.048) was detected for MK0 sample, while it is
not present for mMK10 sample. The quartz (SiO2) phaseFigure 10. TGA/DTG for mMK10 after 28 days of hydration.
(a) mMK0
(c)
Figure 11. SEM micrographs of fracture surfaces of
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for mMK0 sample. The phase of calcium aluminosilicate
hydrate (CASH) was detected for mMK10 sample, while
it is not present for mMK0 sample. This result is expected
because the mMK pozzolan contains a relatively large
quantity of Al2O3, about 37% as recorded in Table 1.
The inclusion of CASH in mMK10 sample is a part of
the reason why mMK10 showed a higher compressive
strength than mMK0.
Figs. 7 and 8 present XRD patterns of mMK0 and
mMK10 samples before and after being exposed to diﬀer-
ent elevated temperatures. In general view, the XRD iden-
tiﬁcation after exposure to temperature of 400 C did not
show essential changes in the phase compositions. The
intensity of CSH peaks reduced with temperature for both
samples. The intensity of portlandite peak decreased as
temperature increased for the mMK0 sample, while it is
not present in the mMK10 sample. This could be a part
of the reason why residual compressive strength of MK10
was higher than that of mMK0, of which the portlandite
is the main reason for deterioration during elevated tem-
peratures. At 800 C, the peaks of ß-C2S and C3S were
identiﬁed which could be attributed to the decomposition
of CSH. At 1000 C, the identiﬁcation of the peaks for
both samples comprised major changes in the phase com-
positions. It could be observed that the akermanite (Ca2-
Mg(Si2O7)) which was identiﬁed in the raw GGBS(b) mMK10
mMK0 and mMK10 after 28 days of hydration.
rtland cement replaced by high-volume GGBS pastes modiﬁed with micro-sized
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intensity. Gehlenite (Ca2AL(AlSiO7)) and merwinite (Ca3-
Mg(SiO4)2) were also detected. It can be noted that the
intensity of the akermanite peaks for mMK10 sample is
larger than that of the mMK0 sample. More importantly,
the production of hydrothemal phase is recognized for
the mMK10 sample (CASH phase). This phase is known
of its refractoriness, and therefore the higher thermal
endurance of mMK10 pastes could be easily understood(a) mMK0 at 400 oC
(c) mMK0 at 800 oC
(e) mMK0 at 1000 oC
Figure 12. SEM micrographs of fracture surfaces of
Please cite this article in press as: Rashad, A.M., Sadek, D.M. An investigation on P
metakaolin subjected to elevated temperatures. International Journal of Sustainable B(Seleem et al., 2011). This could be a part of the reason
why residual compressive of MK10 was higher than that
of mMK.3.4. Thermogravimetric analysis
The weight loss and derivative weight loss curves in the
range of 30–1000 C for the samples of mMK0 and
mMK10 hydrated for 28 days are shown in Figs. 9 and(b) mMK10 at 400 oC
(d) mMK10 at 800 oC
(f) mMK10 at 1000 oC
mMK0 and mMK10 at diﬀerent temperatures.
ortland cement replaced by high-volume GGBS pastes modiﬁed with micro-sized
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(mMK0) sample. It can be seen that between 35 and
200 C the DTG peaks indicate losses of moisture, then
losses of combined water which comes initially from
CSH, then losses related to stratlingite hydrates, mainly
as C2ASH8 and hydrobarnet (C3ASH5). The peak
appeared at approximately 500 C is due to the decompo-
sition of Ca(OH)2. Finally, the peak located at approxi-
mately 700–750 C is due to the decarboxylation of
calcite. Fig. 10 presents the TGA/DTG of HVS containing
10% mMK (mMK10) sample. Similar peak identiﬁcations
below 200 C to that of mMK0 sample could be observed.
Obviously, there is no endothermic peak located at approx-
imately 500 C. The two endothermic peaks appeared at
approximately 600–700 C and 700–800 C are due to the
decomposition of amorphous CaCO3 and its crystalline
form, respectively. The stratlingite (C2ASH8) appeared in
TGA/DTG and did not appear as a crystalline phase, this
is indicating a very low crystallinity of this compound
(Rojas and de Rojas, 2003). The main feature of the Figs. 9
and 10 is that the Ca(OH)2 which can be observed in
mMK0 sample has been completely consumed by the poz-
zolanic reaction of mMK.
3.5. Morphology and microstructural analysis
Fig. 11 presents SEM micrographs of fracture surface of
the hardened mMK0 and mMK10 paste samples after
hydration for 28 days. As shown in Fig. 11(a), the sample
is dominated by the GGBS particles that could be identi-
ﬁed by a bright gray tone and a sharp irregular morphol-
ogy. There are great deals of partly reacted and un-
reacted GGBS particles. This microstructure exhibits dis-
connected pores with a limited amount of CSH around
the GGBS particles, which can be distinguished as a dark
tone. The un-reacted and partly reacted GGBS particles
conﬁrmed that the GGBS is a slow reactive material and
conﬁrmed the results of low compressive strength
(Mendes et al., 2008). Replacing part of GGBS with 10%
mMK led to a reduction of the apparent porosity which
led to denser microstructure (Fig. 11b). It can be seen that
a lot of GGBS particles covered with hydrates (Fig. 11c).
The hydration products such as CSH and stratlingite
hydrate could be distinguished in Fig. 11(c).
Fig. 12 presents SEM micrographs of fracture surface of
the hardened mMK0 and mMK10 paste samples after
being exposed to diﬀerent elevated temperatures. Fig. 12
(a and b) presents the SEM micrograph of mMK0 and
mMK10 samples after being exposed to 400 C. Appar-
ently, each of the heated samples showed an increase in
the degree of hydration of GGBS particles, of which the
number of un-reacted or partly reacted GGBS particles
were decreased and sintered in comparison with their refer-
ences at room temperature which is presented in Fig. 12(a
and b). Consequently, each microstructure was trans-
formed into a matrix with more reacted associated with
enhanced densiﬁcation and little porosity. Thus, thePlease cite this article in press as: Rashad, A.M., Sadek, D.M. An investigation on Po
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of which the pastes had become much harder. Comparing
the microstructure of the mMK0 sample with that of the
mMK10 sample at this temperature degree, it can be
observed that the mMK10 sample showed higher
microstructure density than that of the mMK0 sample.
This could be a part of the reason why the residual com-
pressive strength of mMK10 was higher than that of
mMK0.
Further increasing temperature to 800 C led to a lower
dense microstructure compared to that at 400 C. Thus, the
residual compressive strength decreased. Further increas-
ing in the heat treatment up to 1000 C led to an important
change in the microstructure of the two samples (i.e.
mMK0 and mMK10). Formation of a new binder phase
on the basis of akermanite can be observed, as illustrated
in XRD. Some microcracks could be observed (at lower left
and upper right) for mMK0 morphology (Fig. 12e), while
mMK10 morphology exhibited some scattered pores
(Fig. 12f). The formation of microcracks or pores led to
further degradation in the residual compressive strength
in comparison with that obtained at the previous tempera-
tures. Although the mMK10 micrograph exhibited some
scattered pores, this micrograph is still homogenous and
denser than that of mMK0. This could be a part of the rea-
son why mMK10 residual compressive strength was higher
than that of mMK0 at this degree of temperature.4. Conclusions
The results reported in this investigation provide new
and useful data on the HVS system. Possibility of improv-
ing compressive strength of HVS paste before and after
being exposed to diﬀerent elevated temperatures using dif-
ferent contents of MK in micro-size has been investigated.
Cement was partially replaced with 70% GGBS, by weight,
to produce HVS paste. Then, GGBS was partially substi-
tuted with 2%, 4%, 6%, 8% and 10% mMK, by weight.
The specimens were exposed to elevated temperatures of
400, 600, 800 and 1000 C for 2 h. The experimental and
analytical studies led to the following conclusions:
(1) mMK particles are much ﬁner than GGBS particles
as well as mMK has higher content of Al2O3, which
led to much higher pozzolanic activity. Consequently,
the compressive strength increased.
(2) The inclusion of mMK up to 10% in the neat HVS
paste can consume all the free lime liberated during
cement hydration indicating the higher the mMK
content the higher the pozzolanic action.
(3) Eﬃciently mMK can be used to improve the com-
pressive strength of HVS. The compressive strength
increased with increasing mMK content, of which
mMK can ﬁll the space inside the skeleton of the
hardened microstructure of the blends. Consequently,
showed less porosity. Compared to the neat HVSrtland cement replaced by high-volume GGBS pastes modiﬁed with micro-sized
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28 days compressive strength by approximately 2.1
and 1.72 times greater, respectively.
(4) The increment in mMK content signiﬁcantly aﬀects
weight loss after heat treatments. The higher the
mMK content the higher the weight loss.
(5) All types of mMK blends showed better residual
compressive strength than that of the neat HVS paste
at all temperatures. As the content of mMK increased
as the residual compressive strength increased.
(6) At 400 C, all types of pastes exhibited higher resid-
ual compressive strength than their references, of
which they reached their maximum values. Above
400 C, the residual compressive strength decreased
gradually.
(7) At 400 C, the neat HVS paste residual strength can
be increased by 6.47%, 10.17%, 13.29%, 16.39% and
22.72% with the inclusion of 2%, 4%, 6%, 8% and
10% mMK, respectively. At 600 C, the 2%, 4%,
6%, 8% and 10% mMK blends exhibited approxi-
mately 1.1, 1.15, 1.2, 1.27 and 1.35 times greater
residual strength than that of the neat HVS paste
(mMK0), respectively.
(8) At 800 C and 1000 C the mMK10 paste exhibited
enhancement in the residual compressive strength
over that of mMK0 paste by approximately 1.38
and 1.59 folds, respectively.
(9) In short, the low compressive strength (especially at
early ages) as well as the resistance of elevated tem-
peratures of the neat HVS system can be modiﬁed
and enhanced with the inclusion of mMK particles.
As the content of mMK increased (up to 10%) as
the improvement increased.
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